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Zinc oxide is one of the most investigated compounds in materials science, both experimentally and
theoretically, while in nature it appears only rarely, as the mineral zincite. Yet there are still many open
questions: Is it still possible to observe or synthesize new modiﬁcations of zinc oxide? And can we
improve the properties of a material that has already been investigated in thousands of studies? What is
the connection between zincite, zinc sulﬁde and zinc oxide, and can we ﬁnally explain the controversial
mineral matraite? In short, Yes: the answer to these questions is polytypism. We identify a multitude of
possible stable polytypes for zinc oxide, and we show that by varying the stacking order, we can ﬁne-
tune the electronic properties such as the direct primary and secondary band gaps in zinc oxide without
adding dopant atoms.1. Introduction
In the literature, polytypism describes the phenomenon where a
chemical compound crystallizes in a variety of periodically
repeated layered structures – the polytypes.1 Usually, the indi-
vidual layers constituting the polytypes are structurally iden-
tical, however the position of these layers relative to their
neighboring layers can vary, leading to a multitude of stacking
variants. Although quite a number of examples of compounds
crystallizing in two or three such polytypes exist,2–6 it is not as
common a phenomenon in experimental solid state chemistry
as one would expect. There are still many open questions, e.g.
why do some compounds show polytypism and others do not,
howmany polytypes can exist of one compound, and what is the
eﬀect of polytypism on the mechanical, thermal, or electronic
properties?
One of the compounds where many polytypes are expected to
exist is zinc oxide (ZnO), since the closely related zinc sulde
(ZnS) exhibits about 200 experimentally identied stacking
variants.2 However, only three bulk phases of ZnO are known
experimentally, a wurtzite and a sphalerite modication at
ambient conditions, and a rocksalt phase at high pressures.7 As
ZnO is a technologically very important compound, new
modications with diﬀerent, possibly tunable properties would
be highly desirable. Preliminary theoretical studies8 and
subsequent work on nanolms9 suggest that such polytypesch, Stuttgart, Germany
erials Science Laboratory, University of
c@vinca.rs
tion (ESI) available. See DOI:
hemistry 2015should be capable of existence. Using global energy landscape
exploration techniques, we have now identied a multitude of
stable stacking variants of the wurtzite and the sphalerite type
structure in zinc oxide, which are energetically nearly as low as
the global minimum, the wurtzite modication.
In this study, we present the results of these global searches
on the energy landscape of ZnO and analyze this plethora of
newly discovered zinc oxide polytypes. We show that by varying
the stacking order, we can ne-tune electronic properties such
as the direct primary and secondary band gaps in zinc oxide.
Quite generally, all stable and metastable modications of a
chemical system correspond to the locally ergodic regions on
the energy/enthalpy landscape of the system. At low or medium
temperatures, such regions consist of local minima surrounded
by suﬃciently high energy barriers.10,11 As described in detail in
the methods section, we proceeded in two steps during the
global exploration of the energy landscape of zinc oxide: rst, a
number of local minima were identied using simulated
annealing as a global optimization procedure,8,12 and in a
second step, these minima served as starting points for further
global explorations using the threshold algorithm.13,14 In the
latter method, one performs random walks, usually starting
from a local minimum, where every move is accepted as long as
the new conguration remains below a given sequence of
energy lids. Periodically, the random walker is quenched into
the nearest local minimum, in order to nd new local minima
and to estimate the barriers separating them. Since we are
interested in modications that are stable at ambient condi-
tions, we set the pressure to p ¼ 0.1 MPa for both the simulated
annealing and the threshold runs (for simulated annealing
based explorations of the enthalpy landscape of ZnO over a wide
range of pressures, cf. ref. 12).RSC Adv., 2015, 5, 25929–25935 | 25929
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View Article Online2. Computational methods
Our general approach to the determination of structure candi-
dates is based on the search for local minima and proceeds via
the global exploration of the energy landscape of the system of
interest. The method has been given in detail elsewhere;10,15
here, we just provide information specic to this study. The
minima were identied using simulated annealing as a global
optimization procedure.16 Since the global search involved
many millions of energy evaluations, we employed an empirical
energy/enthalpy function, E ¼ Epot + pV, in this study. Here, Epot
¼ Shi,jiVij(rij), where Vij is a two-body empirical potential con-
sisting of Lennard-Jones and Coulomb terms:
Vij

rij
 ¼ qiqj
4p30rij
þ 3
"
sij
rij
12


sij
rij
6#
(1)
Here, qi and qj are the charges of the ions, rij is the distance
between atoms i and j, sij ¼ rs(i)rion(i) + rs(j)rion(j) is the scaled
sum of the ionic radii, and 3 gives the strength of the Lennard-
Jones potential.12 For the evaluation of the Coulomb summa-
tion, the method proposed by DeLeeuw was employed.17
Regarding the number of atoms in the simulation cell, we
performed the global optimizations for 1, 2, 3, 4 and 5 formula
units ZnO per simulation cell at standard pressure. Both the
atom positions (70% of all Monte Carlo steps move an indi-
vidual atom, 10% swap the positions of two atoms) and the
parameters of the periodically repeated simulation cell (20% of
all Monte Carlo steps) were freely varied during the random
walks. Each simulated annealing run consisted of 4  106
Monte Carlo steps, followed by 10 000 stochastic quench steps.
The barrier structure is explored using the threshold algo-
rithm,14 where the landscape accessible from a local minimum
below a sequence of energy barriers (thresholds) is systemati-
cally explored for all important local minima. In this study, we
have again employed the two-body empirical potential consist-
ing of Lennard-Jones and Coulomb terms, using up to 6 formula
units. During these calculations the number of formula units Z
and the initial structure were varied. Each calculation consisted
of 28 lids, ranging from 6.3 to 3.9 eV, with a step size of
0.1 eV. In both cases, for the global exploration and the
threshold algorithm calculations, we have used the modular
G-42 code.10
Subsequent to the global search, the candidates found were
locally optimized on ab initio level, and the E(V) and H(p) curves
for the various modications were computed, in order to be able
to determine the thermodynamically stable ones as function of
pressure. For this, we employed the program CRYSTAL09,18
based on linear combination of atomic orbitals (LCAO), and for
the local optimizations we employed analytical gradients.19
Each local optimization was performed on the Hartree–Fock
and the density functional theory (DFT) level, using the local
density approximation (LDA). In addition we have employed a
hybrid B3LYP functional (Becke's three-parameter functional in
combination with the correlation functional of Lee, Yang, and
Parr20). It is reasonable to use several diﬀerent ab initio25930 | RSC Adv., 2015, 5, 25929–25935methods, in order to get some feeling for the quantitative val-
idity of the results.21,22
For these local optimizations, all electron basis sets (AEBS)
based on Gaussian-type orbitals (GTO) were used. In the case of
Zn2+ a [6s5p2d] basis set was used as in ref. 23 and 24. For O2 a
[4s3p] basis set was used as in ref. 25 and 26 (see also ESI†). During
local optimizations a k-point sampling net of size 8  8  8 was
used. In addition, a smearing temperature of 0.01Eh was applied
during the local optimization and the calculation of the E(V) and
H(p) curves, in order to facilitate the numerical integration. For the
analysis of the structures and their visualization we used KPLOT27
and the VESTA28 program.
3. Results
The global searches at standard pressure resulted in a plethora
of local minima, which belong to a variety of structure types,
such as the wurtzite, sphalerite, 5–5, and b-BeO type (at high
pressures, additional modications were found, exhibiting e.g.
the NaCl, the NiAs, the GeP or the CsCl type12). The appearance
of these structure types was not surprising, since they also have
been found on the energy landscape of a large number of other
AB-systems such as the earth alkaline oxides29 or the alkali
halides.30
However, during the threshold runs several modications
with very low energies comparable to the global minimum were
found. These modications correspond to stacking variants of
the wurtzite and sphalerite structures, i.e., these modications
are the missing polytypes of zinc oxide (see Fig. 1). In order to
conrm that these polytypes are not artefacts of the potential
used, further simulated annealing runs using a Born–Mayer-
type potential (eqn (1)) were performed, yielding again these
polytypes as local minima on the landscape. Furthermore, we
note that when we have chosen one of the polytypes as starting
minimum for the threshold runs, we required lid values of at
least 0.5 eV per atom, in order to leave this minimum basin on
the energy landscape. Finally, the same periodic modication
was observed with many diﬀerent types of unit cells (while one
oen prefers to employ symmetry adapted unit cells for
a structure description, there exist an innite number of
compatible unit cell of various sizes that can describe the same
innite periodic structure, many of which appear in landscape
explorations when the simulation cell can be varied), again
underlining the fact that these polytypes correspond to stable
states on the energy landscape of ZnO.
Regarding the ab initio level, the local minimizations were
performed both with and without symmetry prescriptions
during the gradient-based minimization. Furthermore, we have
changed the cell parameters and displaced the atoms from their
apparent equilibrium values by nite amounts for all the
minimum congurations, and repeated the local minimization
procedure with three diﬀerent ab initio energy functions. In all
cases, the structure returned to the stable position obtained
originally. We note that this was true for both those polytypes
that had appeared during the simulated annealing and
threshold runs (4H, 5H, 6H, 9R) and those that had been con-
structed in analogy to the ZnS-system (8H, 12R, 15R).This journal is © The Royal Society of Chemistry 2015
Fig. 1 Visualization of the experimentally observed (a and b) and calculated (c–i) modiﬁcations of zinc oxide: (a) wurtzite (2H) type; (b) sphalerite
(3C) type; (c) 4H polytype; (d) 5H polytype; (e) 6H polytype; (f) 8H polytype; (g) 9R polytype; (h) 12R polytype; (i) 15R polytype.
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View Article Online3.1 Energetic ranking and structural features of the new
polytypes
The local optimizations of all the stable structure candidates on
ab initio level show that the wurtzite and sphalerite polymorphs
of zinc oxide are the energetically lowest and thermodynami-
cally most stable ones, which is in agreement with experimental
observations7,31–34 and previous calculations.35–41 The wurtzite
type together with the sphalerite type (see Fig. 1a) are the stable
modications at ambient conditions. For calculations per-
formed on LDA and B3LYP level, these two minima have
essentially the same energy, while on the Hartree–Fock level,
their energies diﬀer, E(wurtzite) ¼ 1852.7170Eh < E(sphalerite) ¼
1852.7143Eh (see Table 1). Both modications are well known
in the zinc/iron suldes with the analogous composition, (Zn,
Fe)S. Wurtzite (B4) exhibits space group P63mc and its structure
is composed of ZnO4 tetrahedra that are stacked in a hexagonal
sequence ABABAB. (hcp-packing). Sphalerite (B3) exhibits
space group F43m, and its structure can be visualized as
an ABCABCABC. cubic sequence of ZnO4 tetrahedra
(fcc-packing).8This journal is © The Royal Society of Chemistry 2015The appearance of the 4H, 5H, 6H, and 9R stacking polytypes
(see Fig. 1 and 2) in the global search and threshold runs is a
clear indication that many other polytypes might be capable of
existence in the ZnO system. The symbols used to classify the
ZnO polytype structures have a specic meaning; e.g. the
number 3 in the 3C polytype refers to the three layer periodicity
of the stacking (ABC) and the letter C denotes the cubic
symmetry of the crystal. The wurtzite ABAB. stacking sequence
is denoted as 2H, where 2 stands for two layer stacking peri-
odicity and H for hexagonal symmetry. This periodicity doubles
and triples in 4H and 6H polytypes. The family of rhombohedral
polytypes is labelled with R, for example 9R2 (see Fig. 1).
Therefore, we performed a series of local optimizations on ab
initio level starting from other polytype structures known from
ZnS: 8H, 12R and 15R.2,42 Of course, there exist many more
hypothetical polytypes of ZnS and their stacking variants clas-
sied via the Zhdanov symbol; however, since their unit cells
increase with the polytype number, we have not included them
into the local ab initio energy minimizations. We would like to
note a diﬀerence to the corresponding ZnS system, since thereRSC Adv., 2015, 5, 25929–25935 | 25931
Table 1 Calculated total energies of the ZnO polytypes. Energies per
formula unit are given in hartrees (Eh). Local optimizations were per-
formed within the Hartree–Fock (HF), DFT (LDA), and hybrid functional
(B3LYP) approximations. The temperature listed below the energy
value is the energy diﬀerence to the wurtzite modiﬁcation, suggesting
thermodynamic stability at room temperature for the 4H, 5H, 6H, 8H
and 12R polytypes, at least within the B3LYP approximation. Note that
for the LDA-functional, the sphalerite modiﬁcation is the lowest one in
energy
Structure type
Energy (Eh)
LDA B3LYP HF
Wurtzite (2H) 1851.2629 1854.5584 1852.7170
(0 K) (0 K) (0 K)
4H 1851.2625 1854.5582 1852.7150
(+125 K) (+60 K) (+630 K)
5H 1851.2630 1854.5581 1852.7159
(30 K) (+90 K) (+350 K)
6H 1851.2631 1854.5580 1852.7157
(60 K) (+125 K) (+410 K)
8H 1851.2630 1854.5579 1852.7146
(30 K) (+160 K) (+760 K)
9R 1851.2585 1854.5552 1852.7165
(+1400 K) (+1000 K) (+160 K)
12R 1851.2627 1854.5578 1852.7153
(+60 K) (+190 K) (+540 K)
15R 1851.2513 1854.5509 1852.7150
(+3660 K) (+2700 K) (+630 K)
Sphalerite (3C) 1851.2632 1854.5575 1852.7143
(95 K) (+285 K) (+850 K)
Fig. 2 Calculated E(V) curves for the new stacking variants of ZnO at
B3LYP level. Energies per formula unit are given in hartrees (Eh). Note
that most of the calculated ZnO polytypes (4H, 5H, 6H, 8H and 12R), as
well as sphalerite structure, exhibit essentially the same E(V) curve as
wurtzite modiﬁcation at this level of calculation and are indistin-
guishable on the scale of the ﬁgure, and therefore only the curve for
wurtzite has been plotted.
Table 2 Size of the calculated primary and secondary direct band
gaps calculated with diﬀerent ab initiomethods, of the ZnO polytypes.
Note that the sphalerite modiﬁcation has a Brillouin zone of diﬀerent
symmetry type, which cannot be described using the same symmetry
directions as in the hexagonal polytypes
Structure type
Primary direct band gap
(eV)
Secondary direct band
gap (eV)
LDA B3LYP HF LDA B3LYP HF
2H (wurtzite) 1.24 3.21 11.78 4.29 6.28 15.10
4H 1.20 3.15 11.67 2.37 4.25 12.59
5H 1.16 3.12 11.68 1.91 3.79 12.20
6H 1.17 3.11 11.58 1.79 3.66 12.11
8H 1.14 3.09 11.58 1.54 3.44 11.87
9Ra 1.19 3.16 11.66 2.13 4.04 12.48
12Ra 1.10 3.08 11.59 1.71 3.60 12.00
15Ra 1.14 3.13 11.57 1.59 3.48 11.91
3C (sphalerite) 1.12 3.08 11.57 — — —
a The rhombohedral unit cell has been converted to a hexagonal unit
cell for comparison. The secondary band gap occurs along the H–K
direction of the Brillouin zone, instead of at the A point, as in those
polytypes that are naturally occurring in the hexagonal unit cell.
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View Article Onlineexist no experimental or theoretical data of a 5H polytype in the
ZnS system. On the other hand, the 5H polytype structure of
ZnO that we have found in our global search and threshold
runs, and that we have later optimized on ab intio level, shows
very good agreement with the 5H polytype structure from the
SiC system.4325932 | RSC Adv., 2015, 5, 25929–25935Using DFT (LDA and B3LYP), we observe that several poly-
types (4H, 5H, 6H, 8H and 12R) have nearly the same energy as
the wurtzite (2H) and sphalerite (3C) modications (see Fig. 2
and Table 1). Two polytypes were higher in energy at this level of
calculations: the 9R and the 15R types. The 9R polytype was only
slightly higher in energy at e.g. the B3LYP level (E(9R)  E(2H) ¼
0.0032Eh, corresponding to about 1000 K), but the 15R stacking
variant could only be optimized as a distorted version, and was
rather high in energy on DFT level.
Using Hartree–Fock (see Table 1), we observe that the 12R
polytype is somewhat higher in energy, while the 9R polytype
has an energy similar to the one of the wurtzite-type. Further-
more, the distorted 15R polytype, and also the 4H, 5H, 6H and
8H variants, are similar in energy to the sphalerite-type modi-
cation (see ESI†). A summary of structural data for each of the
calculated ZnO polytypes including the full Zhdanov symbol is
presented in the ESI.†3.2 Electronic properties of the polytypes
For the new predicted ZnO polytypes, we have performed band
structure and density of states (DOS) calculations, in order to
gain additional insight into the electronic properties of these
possible modications of zinc oxide. The calculations were
performed using Hartree–Fock, DFT (LDA) and hybrid (B3LYP)
functionals. Our calculations were in good agreement with
previous experimental7,34,44,45 and theoretical ndings,35,46–51 for
those modications where such data were available. Table 2
shows the band gaps calculated using diﬀerent functionals for
each of the ZnO polytypes investigated.
We can conrm the previous experimental and theoretical
investigations of zinc oxide, where the primary direct band gap
is observed at the G-point of the Brillouin zone. Sphalerite (3C),
has the smallest gap of all the ZnO polytpes and wurtzite (2H)This journal is © The Royal Society of Chemistry 2015
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View Article Onlinethe largest one, computed with B3LYP and Hartree–Fock.
Furthermore, an increase of the fraction of hcp-layers in the
hexagonal polytypes (also known as hexagonality in the litera-
ture52) usually results in a larger band gap.
In addition, a secondary band gap was observed for the rst
time in zinc oxide, and a direct correlation between the stacking
order and the secondary band gaps is shown in Table 2. We
observe similar trends of widening the secondary gap, as for the
primary band gap; with the increase of hexagonality the band
gap widens. This increase of the band gap is especially notice-
able between the 2H and the 4H polytype, independently of the
calculational method employed (see Table 2).4. Discussion
In Fig. 3, we show the band structures of the 4H and 15R
polytype calculated using the B3LYP functional. Both polytypes
show a primary band gap at the G-point; however, the 4H
polytype shows the secondary gap at the A point, and the 15R
polytype along the H–K direction of the Brillouin zone. The
complete set of band structures for ZnO polytypes calculated
with various ab initio methods are given in the ESI.†
There have been many examples in various systems where
diﬀerent stacking orders, based on mixing the hcp- and the fcc-
type stacking, produce diﬀerent polytypes.1–6 Our theoretical
landscape explorations have also resulted in several interesting
ZnO candidates which exhibit diﬀerent stacking orders similar
to the many polytypes in the ZnS system, while varying the
numbers of formula units per simulation cell. Structurally, we
can relate our polytype structures to those of zinc sulde, or to
the structures in silicon carbide, where diﬀerent polytypes have
also been observed.2–4,42,43,53,54
Concerning the eﬀects of polytypism on the electronic
structure, it is known that e.g. in silicon carbide (SiC) the 3C
polytype shows the highest electron mobility.4,55 Furthermore,
the band gaps of SiC diﬀer widely among the polytypes ranging
from 2.3 eV for the cubic 3C polytype (i.e. sphalerite) to 3.3 eV
for the hexagonal 2H polytype (i.e. wurtzite), where the experi-
mental polytpyes investigated have band gaps in-between (e.g.
the 6H polytype has a gap of 3 eV). But quite generally, one ndsFig. 3 Band structure calculation using the hybrid B3LYP functional for
special points of the Brillouin zones correspond to those of a hexagonal
comparison.
This journal is © The Royal Society of Chemistry 2015that the larger the fraction of wurtzite-like components (2H),
the larger the band gap.4,55 Our results show the same overall
trends for the zinc oxide polytypes as in silicon carbide: sphal-
erite (3C) has the smallest gap of all the ZnO polytpes and
wurtzite (2H) the largest, respectively, and by increasing the size
of hcp layer regions one increases the band gap. Therefore, it
should be possible, by combining fcc-type and hcp-type layer
stackings, to reduce the size of the band gap (see Table 2). Note
that in ZnO the 12R and 15R structures diﬀer slightly from the
12R and 15R polytypes in ZnS, respectively, and this may also
inuence the band gap (for the structure data, cf. ESI†). Similar
trends in the band gaps are observed in other III–V
compounds.5
Clearly, the electronic eﬀects of changing the stacking order
in zinc oxide are not as dramatic as in silicon carbide. Never-
theless, this indicates that it is possible to tune the direct
primary and secondary band gaps in ZnO to values between
those of the wurtzite- and the sphalerite-modication by
selecting the appropriate polytype without adding dopant
atoms. Of course, the existence of polytypes makes it nontrivial
to synthesize a macroscopic single-crystal; however if one can
establish a degree of control during crystal growth suﬃcient to
synthesize specic diﬀerent polytypes, new materials for elec-
tronic device applications would be accessible.4,5,55 Recent
attempts to generate nanolms with unusual stacking orders9
are quite encouraging in this respect.
We note that the structure chemistry of zinc oxide and zinc
sulde appear to be quite similar. This similarity is demon-
strated not only by the polytype calculations presented here, but
also by many experimental observations, such as the existence
of wurtzite and sphalerite modications in both ZnO and ZnS,
and recent investigations that suggest the occurrence of calcu-
lated,56 synthetic57,58 and natural59 polymorph of ZnO inter-
grown with ZnS. Therefore, we would like to comment on an
ongoing discussion regarding the structural classication of the
zinc sulde mineral matraite, which has been claimed to be a
3R-polytype of ZnS. The most common polytypes of zinc sulde
are 2H (wurtzite) and 3C (sphalerite), while others are rarely
encountered in nature.2,54,60 The purported 3R polytype was for
the rst time experimentally synthesized in the U.S. almost(a) the 4H polytype; (b) the 15R polytype. Note that the labels of the
lattice. The rhombohedral unit cell is converted to a hexagonal one for
RSC Adv., 2015, 5, 25929–25935 | 25933
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View Article Onlinesixty years ago,61 while its natural form as the mineral
matraite has been found in Hungary,62 and later in Bulga-
ria.63 However, as alternatives, a 6H polytype60 or a twinned
sphalerite structure have been suggested42,59,64 as possible
models for the matraite structure. Now, if such a 3R-structure
modication were to exist as a distinct polytype, we would
expect to observe it also in ZnO during our nearly exhaustive
threshold investigations. This not being the case, we have
constructed the 3R-type according to the description in ref.
61–63, and compared this structure with the ones found
during the global searches. This structure comparison using
the CMPZ algorithm65 clearly shows that the 3R polytype is
equal to the 3C polytype both in ZnO and in ZnS, which would
agree with the experimental results in ref. 42, 59 and 64. In
addition, the structural-crystallographic constraints in the
ZnO/ZnS compounds (or any analogous AB compound) show
that the distances between the layers are the same as in the
fcc packing, and therefore 3C must be equal to 3R. An
exception would only be possible, if some special feature of
the electronic structure of zinc oxide or zinc sulde were to
favor a second (structurally anisotropic) energy minimum
right next to the sphalerite structure minimum on the energy
landscape. None of our ab initio calculations suggest the
existence of such a double minimum basin. While recent
work on elemental zinc66 has shown that zinc can exhibit
several electronic minimum energy congurations which
induce slightly diﬀerent atom positions, the bonding situa-
tion in zinc oxide/sulde is completely diﬀerent, and the
presence of electron correlations strong enough to generate a
second minimum is very unlikely. This is the reason, why in
our global searches we observe only the 3C and 9R polytypes
but not a separate 3R polytype (see Fig. 1). We would thus
conclude that the matraite mineral is not a separate modi-
cation, but rather a (possibly twinned) 3C (sphalerite) poly-
type of ZnS.
5. Conclusions
To summarize, in order to gain new insights into the polytyp-
ism of the ZnO compound, we have performed structure
prediction using simulated annealing and threshold runs with
an empirical potential, followed by local minimizations on ab
initio level. We have found the experimentally known structure
types (wurtzite, sphalerite and rock-salt), in agreement with
previous research, and we observe new low-energy polytypes of
zinc oxide, which should be accessible to the experiment. A
second focus of this research has been the investigation of the
electronic properties of the newly discovered polytypes. We
observe the same trends in the values of the band gap as in
silicon carbide and zinc sulde, and we note that the secondary
band gap plays a role in zinc oxide polytypes. Clearly, these
results suggest important new avenues in the development and
ne-tuning of electronic devices with possible industrial
applications. Additionally, we have claried the ongoing
discussion regarding the matraite (3R) mineral in zinc sulde,
which we can describe as a (possibly twinned) sphalerite (3C)
structure.25934 | RSC Adv., 2015, 5, 25929–25935Acknowledgements
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